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An electrostatic microvalve for the pneumatic control of microfluidic devices is 
designed, modeled, fabricated, and characterized. The valve consists of several, 
individually manufactured pieces assembled to form a microvalve. This creates an 
inexpensive microvalve that can be easily and quickly manufactured. The unique feature 
of this microvalve is its ability to be integrated with a microfluidic system for good 
portability. The valve was manufactured by depositing a thin chrome layer on a 
Poly(methyl methacrylate) substrate. Thin copper foil was used as a flexible membrane 
that would deflect to allow air flow. When a voltage was applied between the chrome 
layer and the copper foil, the electrostatic force pulled the foil closed against the substrate 
and stopped the air flow. Parylene C was selected as a dielectric layer to provide 
insulation and prevent short circuiting between the chrome and copper electrodes. The 
valve was designed using a flexible, proximal electrode concept that decreased the 
required closing voltage. A mathematical model was developed to predict the voltage 
required to close the valve. Tests were performed to determine the closing voltage and 
flowrate through the valve. The parylene dielectric thickness and the valve cavity depth 
were varied to find the best valve parameters. It was determined that a valve with a 6 µm 
layer of parylene with a 58 µm cavity depth provided the best combination of low closing 
voltage and high flowrate. These valves were tested to work at pressures up to 40 kPa 
with an average closing voltage of 680 V and an average flowrate of 1.05 mL/min. The 
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valve showed that it also may be able to function as a flowrate control valve at higher 
pressures, i.e., greater than 40 kPa. It was found that dielectric charging was occurring in 
the valve during operation. Switching the polarity of the control voltage with each 
actuation was a proposed solution that was tested and found to delay the onset of 
dielectric charging. Finally, the valve was successfully used to pneumatically control 
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Microfluidics is a growing field for research and development partly due to its 
biological applications, such as drug delivery and pathogen detection. Specifically, a 
wide variety of work has been done on integrated biochip devices for DNA analysis [1]. 
These biochip devices consist of microfluidic mixers, microvalves, micropumps, and 
microchannels. The full integration of these systems allows for quick fluid transfer and 
increased portability. However, there is still much work to be done on microfluidic 
control systems. While the microfluidic systems themselves have a small footprint, often 
the necessary support equipment is bulky and nonportable. For example, many 
microfluidic systems rely on external valves to provide valving internal to the 
microfluidic chip. As the number of internal valves can run into the hundreds or even 
thousands, the number of external valves and the size and cost associated with them is a 
significant problem. Thus, the development of the actuation and control elements for the 










Work is currently being done at the University of Utah to develop a system to 
extract DNA from a sample of blood. This system uses a lab-on-a-chip device, shown in 
Figure 1. A lab-on-a-chip is a device that integrates several lab functions onto a single 
chip to allow for a small footprint and a portable system. This particular lab-on-a-chip is 
made of polydimethylsiloxane (PDMS). It uses microfluidic channels, micropumps, and 
microvalves to mix the necessary chemicals and reagents to extract DNA.  
This lab-on-a-chip device uses pneumatic internal valves that are controlled by 
external valves. An example of this valve system is shown in Figure 2. In this design, the 
pressure from the fluid deflects a membrane to allow fluid flow. When a pressure is 














(a)     (b) 
 
Figure 2: Diagram of the microfluidic valve system. a) Pressure from the 
fluid deflects the membrane to allow fluid flow. b) Pressure from the off-




Currently the external valves used to control the pneumatics are solenoid valves. 
These solenoid valves are expensive, bulky, and they are not integrated very well with the 
device. Figure 3 shows the tubing required to interface the external solenoid valves with 
the PDMS lab-on-a-chip. There is a need to design a microvalve for the control of the 











One of the most important control elements in a microfluidic system is 
microvalves, which are used to control the timing, location, and rate of flow in a 
microfluidic system. There are many different types of microvalves: magnetic, 
electrokinetic, piezoelectric, thermo pneumatic, electrochemical, phase change, 
rotary, and electrostatic, as well as different passive microvalves [3, 4].  
There are several characteristics desirable when designing microvalves, 
such as low leakage rate, short response time, wide operational temperature range, 
low power consumption, and a small footprint. A wide variety of valves have 
been published that can play this role in silicon devices, but with the movement to 
elastomeric plastics, there is a limited set of valves that function well. Many of 
these valves rely on pneumatics that are controlled by external valves. Full 
integration into a microfluidic system is an attractive characteristic of a valve, but 
may not always be practical or desired, especially if the microfluidic chip is to be 
disposable. Thus, the internal/external valve dichotomy is not necessarily a 
concern if it can be handled in a manageable way. 
The purpose of the research presented here was to design a microvalve 
that is inexpensive, easy to manufacture, has a small footprint, can function as an 
external valve controlling a pneumatic internal valve, and can be easily integrated 
with a complex polymer microfluidic system. Electrostatic valves were chosen for 
this work because these valves have low power consumption, a fast response time, 








The valve used in this work is based on electrostatic actuation. Electrostatic 
actuation uses two electrodes that are separated by a gap. When a voltage is applied 
across the electrodes, an electric field is generated which creates an electrostatic force 
between the electrodes. This force can be used to move one or both of the electrodes. The 
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where εo is the vacuum permittivity, εa is the dielectric constant of the air between 
electrodes, A is the area of the electrode, V is the voltage across the electrodes and g is the 
total distance between electrodes [7]. 
Electrostatic actuation has been used to pump fluids in a microfluidic system. In 
one publication, electrostatic actuation of a parylene membrane was used to pump fluid 
based on a three-phase peristaltic sequence [6]. This design was surface micromachined 
using what is described as a multilayer parylene technology. Another publication had a 
pump design that used a micro membrane based on bulk micromachining of silicon 
wafers [8]. This pump used electrostatic force to deflect a membrane outward and force a 
fluid flow through the inlet valve into the pump chamber. When the electrostatic 
actuation was turned off the membrane bent back and forced the fluid through the outlet 
valve. 
Unlike these micropumps, most electrostatic microvalves are used to control gas 




the high operational voltages [3]. In the case of microvalves, there have been reports of 
using a flexible membrane [9] or a silicon valve plate [5]. The flexible membrane [9] 
used a conductive membrane actuated between an upper and lower chamber. The 
conductive membrane was a three-layer membrane consisting of a gold layer between 
two insulating polyimide layers, each layer being 1 µm thick. This microvalve was 
reported to operate at a differential pressure of up to 110 kPa at a flowrate of 12 mL/min 
with an applied voltage of approximately 60-150 V. Another microvalve [5] used a 
silicon valve plate as part of a three-layer silicon chip stack to operate as a normally-
closed electrostatically-driven three-way microvalve. This valve was reported to operate 
at pressures up to 10 bar (1 MPa) with a flowrate of approximately 500 mL/min using an 
actuation voltage of 200 V. These results are summarized in Table 1. 
These valves are manufactured using fabrication techniques that can be time 
consuming and expensive. The flexible membrane valve [9] uses thermal injection 
molding which required molds to be milled. The membrane electrode fabrication required 
micromachining and photolithography. The silicon valve [5] required bulk 
micromachining of three separate silicon layers. This required wet and dry etching 
techniques as well as a silicon fusion bond process to bond the three silicon layers. A 
simpler, faster, less expensive manufacturing process was desired for the valve designed 
in this paper. 
There have also been reports [10] of electrostatic valves using an air pressure 
balance to allow the valve to operate at high pressures. This design had pressure 
compensation using an air chamber to support a membrane. As the air pressure balanced 




Table 1: Results of different electrostatic microvalves found in literature. 
 





Flexible Membrane [9] 60-150 110 12 
Silicon Valve Plate [5] 200 1000 500 
Simulation of Pressure 




reported to function at fluid pressures up to 10 atm (1.013 MPa). This valve requires 
another pneumatic line for the pressure balance and adds complexity to the design. This 
would not be effective for the work presented here, as the purpose of the valve was to be 
a simple design without the requirement of excess operational equipment. The simulation 
results done as part of this work are summarized in Table 1. 
Upon review of literature, the manufacturing methods used to produce the 
existing valve designs are a major limiting factor. The focus of the work presented here is 
to design a microvalve with more practical manufacturing methods. A microvalve that 
can be quickly and inexpensively manufactured in bulk quantities would be very 
beneficial from a commercialization and implementation standpoint. 
Another disadvantage of electrostatic actuators is the difficulty of achieving large 
displacements. From equation 1, electrostatic force increases exponentially as the 
distance between electrodes decreases. Thus it is important to consider the distance 
between electrodes when designing valves. Since the electrodes need to be as close 
together as possible to generate the highest force, this creates a design challenge when a 




been proposed [11-13], though they have been reported only as a single valve and not as 
an integrated valve array with any practical application. 
This project has incorporated the idea of a curved film electrode. The purpose of 
the curved electrode is to keep the electrodes close together on one end of the actuator 
while allowing the other end of the actuator to make large displacements. When a voltage 
is applied, the force is strong at the end where the electrodes are close together and brings 
the electrode together at that end. The electrostatic force then increases further towards 
the other end of the valve and continues to move the electrodes closer together, which 
causes the electrodes to roll together. 
This idea can be accomplished in two ways. One proposed way is an electrostatic 
actuator that has a stationary curved electrode [11], as shown in Figure 4a. In this design, 
the straight, flexible membrane can curl against the stationary electrode. Numerical 
calculations have been published [14] to find the bending performance of electrostatic 
actuators with different shapes of the electrode and the actuator. 
The other design to achieve large displacements with a curved electrode uses a 
flexible membrane as a curved electrode, shown here in two different cases. In one 
published case the membrane is curled up by residual stress during manufacturing [12], 
shown in Figure 4b. This is accomplished because of the stress that occurs during the 
deposition of the silicon dioxide and chrome to form the membrane. Because the upper 
layer of chrome is in tension and the lower layer of silicon dioxide is in compression, the 
membrane will curl up when the sacrificial layer is removed. This valve design was 
reported to use a closing voltage of 30 V in the absence of gas flow.  The second 




shown in Figure 4c. The film has an S-shaped bend in the middle that rolls back and forth 
as a voltage is alternately applied between each of the electrodes and the film. A 
propagation speed of 4.0 m/s is reported when an applied voltage is 150 V. This concept 
can be used as a microvalve with the membrane rolling over the inlet and outlet holes. 
This paper presents an electrostatic microvalve for pneumatic control of 
microfluidic channels that is low cost, quickly and easily manufactured, has a small 
footprint, and could be manufactured in a large scale array. The uniqueness of the valve 
presented in this thesis is its ability to be integrated with a complex polymer microfluidic 
system. 
This electrostatic valve aims to eliminate the need for the off-board solenoid 
valves. The electrostatic valve presented in this paper will be able to be manufactured as 
an array of many valves on a single chip no larger than a microscope slide. This valve 
array will then be layered below the microfluidic layer to create a portable, low cost 
system. This thesis describes the design, operation, fabrication, and performance of a 







   




Figure 4: Different electrostatic actuators using curved electrodes. (a) The 
curved electrode is stationary and the membrane curls around it [11]. (b) 
The membrane is curled up by residual stress that is induced during 
manufacturing [12]. (c) An S-shaped film rolls back and forth between 


















 The electrostatic microvalve uses the principle of electrostatic attractive force. 
When a voltage is applied across two electrodes, the electric field generates a force 
between them. This valve uses that attractive force to pull a membrane closed over the 
valve inlet and outlet holes to stop air flow. The electrostatic force is inversely 
proportional to the square of the gap between the electrodes, so it is important to keep the 
electrodes as close together as possible. This need for having the electrodes close together 
is addressed by the idea of a curved electrode to keep the electrodes close together at one 
end, and the electrodes can have larger separation at the other end. A balance of the 
forces acting on the valve membrane was used to develop an equation that would predict 
the voltage required to close the valve. 
 A prototype was successfully tested that used a smooth aluminum plate as the 
stationary electrode and a piece of 10 µm copper foil as the membrane. PDMS was spun 
on the copper foil as a dielectric layer to prevent the electrodes from shorting out. A piece 
of Poly(methyl methacrylate) (PMMA) was etched to create a channel for the valve. 
These pieces were assembled and held together using C-clamps. The prototype was 




sandwiching individually manufactured pieces to form an electrostatic microvalve could 
work. From this prototype, several changes to materials and fabrication were made that 





The research presented in the previous chapter of this thesis contributed to the 
design of this electrostatic valve.  The design is based on the idea that several pieces will 
be “sandwiched” together to form the valve. A flexible conductive membrane is used, 
along with an electrode above a cavity, to open and close the air flow. A dielectric layer 
was deposited on both electrodes to prevent shorting out the valve. A concept drawing 
showing the layers of the valve is shown in Figure 5. 
The operation of the valve is shown in Figure 6. In Figure 6a, the air flows 
through a microchannel, deflects the conductive membrane into a cavity, and air flow 
continues through the microchannel. Since the membrane is close to the top electrode at 
the edges of the cavity, the electrostatic force is high in these areas when a voltage is 
applied. The membrane can move closed against the other electrode around the edges and 
then the electrostatic force increases further toward the middle of the valve, as in Figure 
6b. In this way the membrane can roll closed when a voltage is applied, as in Figure 6c. It 
is important that the electrodes do not come into contact with each other, to prevent a 
short circuit. For this reason an insulating layer was placed between the electrodes. It is 









Figure 5: Electrostatic valve design using a membrane that deflects into a 
channel. This uses the curved electrode principle, keeping the electrodes 




      
     (a)        (b) 
 
(c) 
Figure 6: Valve operation. (a) Voltage off, valve fully open (b) Voltage 






A theoretical model was made to predict the closing voltage when the valve is 
completely open, as in Figure 6a. A force balance was performed on the membrane and 
can be represented by,  
 
 




There are three forces acting on the valve membrane: the electrostatic force, Fe, pulling 
up on the membrane, the spring force, Fs, pulling up on the membrane, and the force 
from the air pressure, Fa, pushing down on the membrane.  
The force from the air was found by multiplying the air pressure by the area of the 
cavity. The spring force in the membrane was found by multiplying the spring constant of 
the membrane by the deflection of the membrane. The spring constant of a fixed-fixed 
beam with uniform loading was used for the membrane. This is a conservative 
assumption since the membrane is attached at the opposite ends and is not actually a 
beam. The membrane is an electrode-dielectric composite; however, the spring constant 
that was used only accounted for the spring constant of the electrode alone, as the 
dielectric has a low modulus of elasticity.  
The electrostatic force was broken up into two parts. The first part was the 
electrostatic force acting across the cavity. The equation for electrostatic force can be 
modified to find the electrostatic force through two dielectrics [15]. This is done by 















where g is the separation between electrodes, td is the thickness of the insulating layer, εa 
is the dielectric constant of the air, and εb is the dielectric constant of the insulator. The 
second electrostatic force was the force that was acting around the edges of the cavity. 
This electrostatic force was only acting through the insulating layer. The area this force 
acted across was the area of the top electrode that overlapped around the edges of the 
cavity. 
The two electrostatic forces, the air force, and the spring force were inserted into 





















where A1 is the area of the cavity, and A2 is the overlap area of the electrode around the 
edge of the cavity, k is the spring constant of the membrane, and P is the pressure of the 

































Equation 5 gave the voltage required to balance the forces on the membrane. Any 
increase above this voltage would cause the membrane to start to close. Once the 
membrane starts to move, the area the air acts on decreases and the electrostatic force 
increases. The membrane will therefore be able to completely close. 
Equation 5 was used to calculate the closing voltage for a valve that used a 
parylene C dielectric layer and valve parameters shown in Figure 5. The parylene 
thickness was varied and the resulting closing voltage is shown in Figure 7, along with 
the breakdown voltage based on a dielectric strength of 267 V/ µm for parylene C. The 






One main goal in designing this microvalve is to minimize the need for 
fabrication that may be expensive or time consuming. For this reason the valve was 
constructed using a sandwich concept, which would minimize the need for 
microfabrication techniques. An initial prototype was made to test the sandwich concept. 
This prototype used a polished plate of aluminum as the top electrode and a 10 
µm-thick copper foil as the conductive membrane. A thin layer of PDMS was spun on to 
the copper foil as a dielectric. The cavity was made by etching into PMMA using a CO2 
laser (VersaLASER VLS 3.60, AZ, USA). An air line was interfaced with the aluminum 
plate using another piece of PMMA. The device was held together using C-clamps. A 











Figure 7: Theoretical closing voltage and break down voltage. This graph 







Figure 8. A picture of the prototype device, using an aluminum plate, 10 










Testing for this prototype was done by placing the outlet tube in a beaker of 
water. This was done so bubbles could be observed if flow was present. A voltage source 
(EMCO, CA05P, CA, USA) of 500 V was used. The power consumption is negligible 
because when the valve is held in the closed state for a long period, there is no current 
flowing through the system. The valve proved to work at low pressures, around 3 kPa. 
This prototype was a demonstration that the sandwich concept could work for 
fast, inexpensive fabrication. Several failure modes were discovered that assisted work 
moving towards a smaller valve that could work at higher pressures. The most common 
failure mode was dielectric breakdown between the two electrodes (the aluminum and 
copper layers). The large current flow associated with a high voltage short damaged the 
metal and PDMS layers. It is believed this failure was due to contamination on the PDMS 
layer, as well as pinholes in the PDMS that are caused when spinning a thin layer.  
It was determined these problems would be remedied in several ways. First, the 
assembly of the valve would need to take place in a cleaner environment to avoid 
contamination that would damage the insulating layer. Second, a smoother electrode than 
the aluminum plate would be used. It was believed the insulator could be damaged due to 
a rough electrode surface. Additionally, a dielectric would be used with a higher 
dielectric strength and less pinholes than PDMS. Finally, an insulating layer would be 
placed on the stationary electrode, as well as the membrane, to minimize the effects of 












 This valve uses the principle of an electrostatic force between two electrodes. One 
of these electrodes is a conductive, flexible membrane, while the other is a conductive 
plate with inlet and outlet holes. This design uses the idea of a curved electrode. The 
membrane will stay close to the top electrode at the edges of the cavity and the middle of 
the electrode is free to deflect into a channel. When a voltage is applied, this will allow 
for a high force where the electrodes are close together and the membrane can move 
closer around the edges of the valve. The force then increases towards the middle of the 
valve and the membrane can move further closed. In this manner the membrane can roll 
closed. A theoretical model was developed to predict the closing voltage of the valve. 
 This valve uses a sandwich concept to allow for fast, inexpensive fabrication. 
Pieces can be mass manufactured separately and then assembled to form the valve. A 
prototype was developed to test this concept. An aluminum plate was used along with a 
copper membrane and a PMMA base with a channel. PDMS was used as a dielectric 
layer to prevent the valve from shorting out. Several lessons were learned from 
developing and testing the prototype that would prove useful in designing a final valve 
design. The materials and fabrication methods used in the final design are described in 


















 As previously described, the electrostatic valve is made by sandwiching together 
several pieces. Those pieces include a valve plate, a conductive membrane, and a cavity 
plate. A variety of standard microfluidic materials and methods were used to fabricate the 
electrostatic valves used in this work. The valve plate was made by cutting out a piece of 
PMMA, followed by patterning and depositing chrome to form an electrode. Research 
was done concerning the use of conductive polymer as the membrane. The conductive 
polymer was created by adding carbon filler to PDMS. This idea was demonstrated and 
showed that it could work, but the fabrication of the conductive polymer proved time 
consuming and difficult. Thin copper foil proved to be much easier to work with as a 
conductive membrane. A dielectric of parylene C was deposited on the copper foil, as 
well as on top of the chrome on the valve plate. The cavity plate was made by etching a 
channel into a piece of PMMA. 
 An interface device was needed to connect the valve to an air source in order to 
test the valve. The interface consisted of three layers of PMMA assembled with double-




held using bolts surrounding the valve. In order to increase productivity, a valve was 
made at each end of the PMMA piece so two valves were made at once. 
 
 
Electrode – Valve Plate 
 
From initial prototypes it was determined the electrode must be as clean and as 
smooth as possible. It was decided that an easy way to accomplish this was to deposit 
metal on to a smooth substrate. Glass was considered as a substrate but it was found to be 
difficult to manufacture multiple valves on a single chip. PMMA was an attractive choice 
as a substrate. PMMA is inexpensive, smooth, and microfluidic channels can easily be 
manufactured using a CO2 laser. This will prove more important in future work when 
many valves are manufactured on a single chip. 
The electrode was made by creating a shadow mask on a PMMA plate. The 
purpose of the shadow mask was to pattern the metal deposited for the valve while it was 
being deposited rather than using another process later to remove unwanted material. The 
shadow mask was made by placing Kapton tape on a piece of PMMA.  A CO2 laser was 
used to cut out the plate and holes for the valves, while patterning the shadow mask in the 
Kapton tape at the same time. This assured the alignment of the shadow mask over the 
valve holes. The shadow mask was patterned so that the deposited metal would cover the 
valve holes with a trace leading to a bond pad. A picture of the valve plate with the 
shadow mask is shown in Figure 9. Two valves were made on opposite ends of the plate 







Figure 9: PMMA valve plate with a Kapton tape shadow mask. 
 
 
Chrome was chosen as the metal to deposit on the valve plate. Chrome has good 
electrical conductivity and was found to adhere well to PMMA. The chrome was 
deposited using electron beam physical vapor deposition, which is an evaporative 
process. A layer of chrome was deposited approximately 150 nm thick. Thicker layers 
were found to introduce stress cracks in the chrome layer, which did not provide a 
smooth electrode surface.  A picture of one end of the valve plate with the deposited 




Figure 10: Patterned chrome over the valve holes with a trace leading to a 
bond pad. Kapton tape was placed over the bond pad to prevent parylene 






The second electrode used in the valve had to be flexible enough to deflect in to a 
small cavity to allow air to flow through the valve. A 10 µm-thick copper foil was used 
for proof of concept tests because of its availability in the lab. Copper is a good choice 
because it is ductile and can be purchased in very thin sheets. The copper is not stiff and 
can deflect into the cavity and also has very good electrical properties. The copper was 
cut into thin strips that could cover the valve and extend out of the sandwich valve so a 
voltage could be applied to the foil. Valves were also tested using different thicknesses of 
copper foil, including 25.4 µm, 35.56 µm, 76.2 µm and 127 µm. These copper foils 
proved to be too thick and too stiff. 
Another possibility for a conductive membrane that was considered was 
conductive PDMS (CPDMS). Conductive filler can be added to PDMS to make a flexible 
conductive polymer. When conductive filler is added to a polymer, enough filler must be 
added to make a network or a continuous pathway of interconnected particles for the 
electrons to travel on in order to make the polymer conductive. If not enough conductive 
filler is added to the polymer, the result will be individual conductive particles wrapped 
in a polymer insulator rather than creating a conductive polymer [16]. The percolation 
threshold is the critical value at which the polymer begins to be conductive. Once the 
percolation threshold is reached, the conductivity of the polymer will increase as a 
function of filler contents. However, the mechanical properties, such as strength, begin to 
decrease at high filler contents [16, 17]. The amount of filler will also affect the viscosity 
of the uncured PDMS. The viscosity increases with decreasing particle size. Larger sized 




electrical pathway. A good approach is to use a mixture of small and large particles that 
provides a good electrical pathway while affecting the mechanical properties and uncured 
viscosity as little as possible [16]. 
Several different sizes and shapes of carbon powders, listed in Table 2, were used 
to find a good mixture for a conductive membrane [18]. The combination of carbon 
flakes that made the best conductive membrane was a mixture of 18 weight percent 
carbon black and 3 weight percent of the 4.62 µm natural flake carbon. With the addition 
of the carbon filler, the uncured liquid PDMS became a thick paste. The CPDMS was 
molded between two pieces of PMMA into a thin membrane about 400 µm thick. The 
membrane had a resistivity of roughly 1 kΩ/square. Quantifying the physical properties 
of the cured CPDMS was outside the scope of this project. 
The CPDMS was tested with some of the prototype valves. The membrane 
worked on larger prototype valves. When prototypes were made more on the scale of 
what would be used in the final design, the CPDMS membrane did not allow airflow due 
to the thickness of the membrane and the small size of the channel.  
 
 







Natural Flake 22.07 µm 6.51 0.068 
Natural Flake 11.22 µm 7.71 0.066 
Natural Flake 4.62 µm 14.46 0.088 
Surface-Enhanced Flake 8.04 µm 23.7 0.041 








Attempts to make the CPDMS work with smaller valves were abandoned. The 
CPDMS may have worked if it was made thinner, but making a thin CPDMS membrane 
went away from the goal of a simple, easy-to-make valve. The copper foil could be 




The choice of dielectric for this valve was a challenging problem. It was 
determined from the initial prototypes that PDMS was not a good enough insulator for 
the high voltages used for this valve. The PDMS layer had too many pinholes and the 
manufacturing of the PDMS layer allowed for too much contamination between the 
layers. There are two material properties needed for a good dielectric – relative 
permittivity and dielectric strength. Parylene C was found to exhibit good permittivity 
and dielectric strength properties for these valves. Parylene is also easily deposited onto 
surfaces using a parylene deposition machine. 
The next step for determining the insulating layer was to decide on the thickness 
of the parylene coating. For final testing a high voltage source of up to 1 kV was to be 
used. Since the dielectric strength of parylene C is 267 V/µm. The parylene layer had to 
be at least 3.75 µm thick if the valve was to be tested up to 1 kV. A 4 µm layer of 
parylene C was deposited onto the valve plate on top of the chrome. During prototype 
testing it was discovered that also depositing a thin parylene layer on the copper foil 
helped the copper seal the air flow against the chrome layer. As a result, tests were run 




parylene C on the copper foil. This would result in an effective insulating layer between 





The cavity plate was made out of PMMA for the same reasons as the valve plate – 
PMMA is inexpensive, smooth and easy to manufacture. The CO2 laser could easily etch 
the cavity into PMMA and the depth of the cavity could be controlled by changing the 
power settings on the laser. Tests were performed with three different cavity depths – 16 
µm, 58 µm and 105 µm.  
 
 
Interface and Assembly 
 
A device needed to be made that could interface with the valve for the purpose of 
initial testing. This interface was also made out of PMMA and held together using 
double-sided tape. The interface consisted of three layers. The top layer interfaced with 
the source air line using threaded polypropylene barbs that screwed into the PMMA. The 
middle layer was a channel layer that directed the air from the macro inlet and outlet to 
smaller inlet and outlet holes on the bottom layer. The bottom layer had the small inlet 
and outlet that interfaced directly with the valve plate. These layers were all held together 
with double-sided tape. The channels that were cut into the tape had to be wider than the 
channels in the middle layer because it was found when the device was clamped together, 
the tape would collapse in the channel and block the air flow. A diagram of this interface 
device is shown in Figure 11.The interface, valve plate, copper foil, and cavity plate were 




that the layers were cut out evenly on the CO2 laser. The layers were held together using 





The valve consisted of three individually manufactured pieces and an interface 
device that were sandwiched together. The valve plate was made by cutting out a piece of 
PMMA on a CO2 laser. The chrome was patterned on the valve plate using a shadow 
mask patterned into a piece of Kapton tape. A piece of 10 µm thick copper foil was used 
as the conductive membrane. Parylene C was deposited on the chrome layer and the 
copper foil to act as a dielectric. A channel was etched into a piece of PMMA for the 
cavity plate. The interface consisted of three layers of PMMA sandwiched together using 
double-sided tape. The purpose of the interface was for testing the valve. All of these 





Figure 11: Diagram of interface device. This was made by cutting out 
PMMA and bonding together using double-sided tape. This device is used 




    
 
(a)      (b) 
 
Figure 12: Final assembled device with two valves. The device consists of 
four pieces – the valve plate, the copper foil, the cavity plate, and the 
interface device – held together using four bolts around each valve. The 


















The main objective of testing was to determine the operational voltage and 
flowrate at given pressures. The secondary objective was to see if the flowrate through 
the valve could be controlled by varying the voltage. A pressure gage (Ashcroft, 1490 
Series, CT, USA) was used to measure the pressure and a calibrated flowmeter (Gilmont, 
NH, USA) was used to measure the flowrate. The voltage was controlled by using a high 
voltage source (EMCO, CA10P, CA, USA) that operated up to 1 kV with a 12 V input. 
The maximum allowable current through the power supply was 1 mA, which produces a 
maximum power of 1 W; however the power consumption is negligible because when the 
valve is held closed for a relatively long period (>1 s), there is no current flowing through 
the system. One of the leads from the high voltage source was connected to the copper 
foil while the other lead was connected to the chrome deposited on the valve plate. 
A variety of experiments were performed to demonstrate the functionality of the 
valves. Valves were tested to see how changes in valve parameters would affect valve 
performance. The two varied parameters were the dielectric layer thickness and the cavity 
depth. The parylene thickness was varied with two different thicknesses – 6 µm or 8 µm. 




design of experiments was performed in order to determine the best combination for use 
in the final valve design. A valve with a 6 µm parylene thickness and a 58 µm cavity 
depth gave the best combination of a low closing voltage with a high flowrate. These 
valves were tested to work at pressures up to 40 kPa with an average closing voltage of 
680 V and an average flowrate of 1.05 mL/min. The valve showed that it also may be 
able to function as a flowrate control valve at higher pressures, i.e., greater than 40 kPa. 
During testing it was discovered that dielectric charging was occurring in the 
valve. Dielectric charging happens when a high electric field causes electrons or holes to 
be injected into the dielectric layer. The consequences of and possible solutions to 
dielectric charging were examined. 
When the best combination of valve parameters was determined, the valve was 
connected to a simplified microfluidic device. The end goal of this project was to be able 
to use the electrostatic valve as an external valve controlling a pneumatic internal valve. 






Valves were tested to see how changes in valve parameters would affect valve 
performance. The two parameters that were varied were the dielectric layer thickness and 
the cavity depth. The parylene thickness was varied for testing with two different 
thicknesses. As discussed previously, depositing parylene on the valve plate and the 
copper foil served two purposes. One was to help prevent contamination or other defects 




testing showed that the valve was better able to seal fully closed. For these reasons, a 4 
µm layer of parylene was deposited on all valve plates and the parylene thickness was 
varied on the copper membrane. There was 2 µm or 4 µm of parylene deposited on the 
copper membrane. When added together with the parylene layer on the valve plate, this 
provided an effective insulating layer of 6 µm or 8 µm. Thinner parylene layers were 
proving to short out too frequently, likely due to thickness variation across the electrode 
surface. From equation 5, the closing voltage is proportional to the distance between the 
electrodes. Therefore, it was expected that reducing the insulator thickness will decrease 
the closing voltage and allow the valve to operate at higher pressures.  
The cavity depth was varied at three different depths – 16 µm, 58 µm, and 105 
µm. Having a shallower cavity would limit the deflection of the membrane and keep the 
entire membrane closer to the other electrode on the valve plate. Keeping the electrodes 
as close together as possible was desirable so the electrodes would produce a high 
electrostatic force. A design of experiments was performed to analyze the effects and 
interactions of the two parameters. Table 3 shows all of the combinations of parylene 
thickness and cavity depth in the order they were tested. Once the best combination of 
parylene thickness and cavity depth was determined, several valves with this combination 
were tested. The tests were performed on the valves on both ends of the valve plate, 
designated as valve A and valve B. 
 The valves were first tested for operational voltage. The pressure was tested in 5 
kPa increments between 5 kPa and 40 kPa. The order of the test pressure was randomized 





Table 3: Combinations of valve parameters in test order. Test order was 
randomized. 
 
Valve Number Parylene Thickness (µm)  Cavity Depth (µm) 
1 8 105 
2 6 105 
3 6 58 
4 8 16 
5 8 58 
6 6 16 
 
 
the chrome trace on the valve plate. For each pressure tested, the voltage was increased in 
increments of 50 V until the flow completely stopped. 
The valve inlet was connected to an air supply. In order to determine if the valve 
had completely stopped air flow, the outlet from the valve was placed in water. If there 
was airflow, bubbles could be observed coming from the outlet tube. The tube was placed 
at the very top of the water level to avoid the head pressure from the water affecting the 
flow. This was done because it was found that some of the flow through the partially-
actuated valve was too slow to be detected by the flowmeter. Once the operational 
voltage was found, the flowmeter was used to determine the flowrate through the valve 
when the valve was completely open. 
The valve was also tested to see if the flowrate through the valve could be 
controlled as a function of voltage. To test this, flowrate was measured while the control 





The results from the design of experiments were analyzed using Minitab v.15 




effort to observe manufacturing differences. Figure 13a shows the interaction plots for 
closing voltage and Figure 13b shows the interaction plots for flowrate. These plots show 
how the changes in parameters interact with each other to effect valve performance. 
There was a decrease in closing voltage from 8 µm parylene thickness to 6 µm parylene 
thickness. This was expected because the closing voltage is proportional to the electrode 
gap distance, shown in equation 5. The results show the closing voltage for the 58 µm 
cavity was not significantly higher than for the 16 µm cavity. There was a much more 
significant increase in closing voltage for the 105 µm cavity. 
Additionally, the 6 µm parylene valves had a higher flowrate than the 8 µm 
parylene valves. This is also reasonable because the copper foil with 8 µm parylene was 
thicker, making the spring constant higher. This means the foil did not deflect as easily 
and thus had a lower flowrate.  The flowrate change between the three cavity depths 
seemed to follow the same pattern as control voltage change. 
There was a noticeable difference between valve A and valve B. The results show 
the voltage required for closing the valve was higher for valve B. Additionally, the 
flowrate was higher for valve A. These differences are believed to be due to 
manufacturing differences and slight misalignments while assembling the valve. 
A valve design was selected from the results based on a combination of a low 
closing voltage and a high flowrate. It was decided the best combinations of parameters 
was a 6 µm layer of parylene with a 58 µm cavity depth. Several valves with this 
combination were tested. The valve demonstrated it could work up to 40 kPa with an 
















Figure 13: Interaction plots between variables for a) the closing voltage 







These results are compared in Table 4 with the results from valves described in 
Chapter 1 of this thesis. The results for the closing voltage are shown in Figure 14a, and 
the results for the flowrate are shown in Figure 14b. The theoretical values for the closing 
voltage, obtained using equation 5, are shown with the test results in Figure 14a. 
theoretically, the valve could operate at higher pressures but would require a higher 
control voltage. As can be seen from Figure 14a, the test results for the closing voltage 
were very close to the theoretical values. The theoretical values were the same magnitude 
and followed the same trend as the test results. This proved the ability to predict the 
closing voltage for an electrostatic valve of this design.  
There was quite a large variation in the results. These differences are likely due to 
several factors, the main factor being the variation in the cavity depth. The closing 
voltage is related to the cavity depth, thus any variation in cavity depth would cause 
variation in the closing voltage. Variation in cavity depth will also greatly affect the 
flowrate through the valve. 
 
 
Table 4: Results of the new sandwich valve design compared with valves 
from literature. 
 





Flexible Membrane [9] 60-150 110 12 
Silicon Valve Plate [5] 200 1000 500 
Simulation of Pressure 
Balance [10] -- 1200 0.0086 










































(a)     (b) 
 
Figure 14: Results for valves tested with 6 µm parylene layer and 58 µm 
cavity depth. (a) The closing voltage test results plotted with theoretical 
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where Q is the flowrate, ∆p is the pressure drop, D is the diameter of the pipe, µ is the 
viscosity of the fluid, and L is the length of the pipe. Flowrate is a very sensitive function 
of the diameter. A small variation in diameter would lead to a large variation in the 
flowrate. The cavity depth was measured to have a depth of 58 µm ± 7%. Using equation 
6 and assuming the cavity depth to be the diameter of the pipe and all other variable 
constant, a 7% variation in cavity depth would lead to a 30% variation in flowrate. From 
this analysis, much of the variation in the flowrate results can be attributed to the 




Other factors likely contributed to the variation in the results. When the device is 
being assembled, the alignment between all the layers may be slightly different. If the 
valve holes are lined up differently, there may be a difference in closing voltages and 
flowrates. Any plastic deformation or contamination on the copper foil may also vary the 
results. Additionally, the thickness of the parylene layer on the valve and on the copper 
foil is known to vary slightly. This was likely due to the imperfect and statistical nature 
of the parylene deposition. 
The valve was also tested for the ability to control the flowrate through the valve 
as a function of voltage. This was tested with a valve with a 58 µm cavity and an 8 µm 
parylene layer. The results are shown in Figure 15. When the flowrate reached 0.0 
mL/min in the graph, the flowrate had not completely stopped but it was below the range 
of the flowmeter that was used. This graph shows that at higher pressures (above 40 kPa), 





Figure 15: Flowrate as a function of voltage. Valve tested had an 8 µm 
parylene layer and an 80 µm cavity depth. These results show evidence of 
stiction. The flowrate should be highest at 0 V, but this plot shows that is 






During the tests it was observed that dielectric charging was occurring in the 
valve. Dielectric charging is thought to occur when the high electric field causes electrons 
or holes to be injected and trapped in the parylene layer. This can cause control voltage 
drift or stiction of the valve [19-21]. Control voltage drift can be very high in parylene 
insulated electrostatic actuators [22]. Figure 16 shows a drift in closing voltage over 
actuation time. This graph shows the closing voltage for different pressures in the order 
they were tested. When the valve was tested for the first time, the closing voltage at 25 
kPa was found to be 500 V. After the valve had been actuated several times at different 
pressures, the closing voltage at 20 kPa was found to be 900 V – higher than that for 25 





Figure 16: Evidence of closing voltage drift caused by dielectric charging. 
The closing voltage increased for lower pressures as the valve was used. 






Figure 15 shows stiction due to dielectric charging that occurred after the valve 
has been actuated several times. Once a charge had started to accumulate in the dielectric 
layer, there was a small attractive force in the valve even when the power supply is off, 
which partially closed the valve. The valve required a small voltage from the power 
supply to overcome the dielectric charge and reach a fully open state. 
One solution that has been proposed to the problem of dielectric charging is to use 
a bipolar control-voltage waveform [23]. This idea was tested on the valves presented in 
this thesis. The valves were tested by finding the closing voltage for a valve at a given 
pressure. The valves were then cycled on and off in 60 second increments, switching the 
control voltage polarity with each actuation. Figure 17 shows these results compared 
against the results of valves that did not have the control voltage polarity switched. These 
results show that switching the control voltage polarity delayed the onset of dielectric 























Figure 17: Valves tested for dielectric charging. This was done by 
switching the control voltage with each actuation (■) and valves tested 






Integration with Microfluidics 
 
The electrostatic valve was tested for its use in a microfluidic system. The 
microfluidic system was simplified to just a channel with an on-board valve for testing 
purposes. The operation of the microfluidic system is described in Chapter 1 of this 
thesis. 
The electrostatic valve was connected with the microfluidic system by connecting 
the valve outlet to the on-board microfluidic membrane valve. When the electrostatic 
valve was off, the air flowed through the electrostatic valve and the pressure closed the 
microfluidic membrane valve. When the electrostatic valve is on, the air pressure was 
stopped and the fluid pressure can open the microfluidic valve. It was necessary to add a 
vent in the connecting tube to release the pressure that is built up after the electrostatic 
valve is closed. The vent was small enough that the pressure was still able to hold the on-
board valve closed while the electrostatic valve is open. Figure 18 is a diagram of the 
electrostatic valve setup with the microfluidic system. 
The electrostatic valve was successful in controlling the microfluidic system with 
the following results: the fluid pressure was 12 kPa, the air pressure was 25 kPa, the 
control voltage was 850 V, the actuation time to open the microfluidic valve was 12 s, 
and the actuation time to close the microfluidic valve was 6 s. This demonstration 
showed the electrostatic valve could be used with a microfluidic system to create a low-








Figure 18: Diagram of the electrostatic valve connected to the microfluidic 
membrane valve. In this instance, the voltage is turned off and the air is 
flowing through the electrostatic valve. This holds the membrane valve 






Two valve parameters were varied in an effort to find the optimum valve 
performance – parylene thickness and cavity depth. A design of experiments was 
performed to test the best combinations of parameters. The valve with a 6 µm layer of 
parylene with a 58 µm cavity depth was selected as the best valve, based on a balance 
between a low closing voltage and a high flowrate. Several of these valves were tested 
and the results showed the valve could operate up to 40 kPa with an average control 




valves was higher than expected, likely due to manufacturing and assembly differences. 
Tests also showed at higher pressures (above 40 kPa) the valve may be able to function as 
a flowrate control valve. 
It was observed that dielectric charging was occurring in the valves during testing. 
Dielectric charging occurs when a high electric field causes electrons or holes to become 
trapped in the dielectric layer. The dielectric charging caused a shift in the closing 
voltage, as well as stiction in the valve. By alternating the polarity of the control voltage, 
it was found that the onset of dielectric charging could be delayed. 
Finally, the electrostatic valve was connected to a simplified microfluidic system. 
The electrostatic valve was successful in controlling the fluid flow through the on-board 
microvalve. This showed the feasibility of layering the electrostatic valve in line with a 


















This thesis presents a new electrostatic microvalve for the control of microfluidic 
devices. These microfluidic devices currently use external solenoid valves, which are 
expensive and bulky. This new electrostatic microvalve will be able to be layered below 
the microfluidic system to allow for a compact, transportable system. The valve needed 
to be easily, quickly, and inexpensively manufactured.  
A sandwich assembly concept was used so each piece of the valve could be 
quickly and independently manufactured. The design consisted of a valve plate made of 
PMMA with chrome patterned on one side. Copper foil was used as the valve membrane. 
Parylene C was deposited on both the valve plate and the copper foil to insulate the 
electrodes to prevent shorting out. The bottom piece of the valve consisted of a cavity 
etched in PMMA to allow the membrane to deflect and open the valve. An interface 
device was made out of PMMA and used to interface the air line with the valve for 
testing purposes. A CO2 laser was used to cut out the pieces of PMMA. 
This design used the concept of a curved electrode, which kept the chrome and 
the copper close together around the edges of the cavity and allowed the copper to deflect 




the edges where the electrodes were close together. This pulled the copper membrane 
close around the edges, moving the electrodes closer together towards the middle of the 
valve. In this way the copper foil could roll closed. A theoretical model was developed 
that proved successful in predicting the closing voltage of the valve. 
Two parameters of the valve were varied – parylene thickness and cavity depth. 
Parylene thickness was tested at two different thicknesses, 6 µm and 8 µm. The cavity 
depth was varied at three different levels, 16 µm, 58 µm and 105 µm. Different 
combinations of these parameters were tested to find the best valve performance. The 
valve was tested for operational voltage at different pressures and the flowrate through 
the valve was measured. The valve was also tested to determine if it could function as a 
flowrate control valve. Dielectric charging was observed and a possible solution was 
explored. Finally the valve was connected to a simplified microfluidic system consisting 
of a microchannel and a membrane and tested for its ability to control fluid flow.  
There are several conclusions based on the results of the work presented.  
• The sandwich concept using a curved electrode was effective in creating a low-
cost, easy-to-manufacture device. 
• The best combination of parameters was a 6 µm layer of parylene with a 58 µm 
cavity depth. This was based on a combination of low operational voltage and 
high flowrate. Several valves with these parameters were tested and found to 
function with a pressure up to 40 kPa with an average control voltage of 680 V 
and an average flowrate of 1.05 mL/min. It is possible that the valve could 




• The valve showed it may be able to function as a flowrate control valve at higher 
pressures, i.e. greater than 40 kPa. 
• Dielectric charging was a problem in these valves. This was evident in control 
voltage drift or stiction of the valve. By switching the polarity of the control 
voltage with each actuation, the onset of dielectric charging could be delayed. 
• The electrostatic valve proved to be able to control the fluid flow through the 
microchannel, which was a step towards integration of the electrostatic valve with 





 The valve presented in this thesis is the first step towards creating a valve array 
system that can control the microfluidics on a lab-on-a-chip device. This valve was 
effective in demonstrating the concept of sandwiching individually fabricated pieces to 
create an inexpensive, easy-to-make microvalve. There are several aspects of the valve 
that could be investigated as ways to improve valve performance.  
Different copper foil thicknesses were examined, but these were much thicker 
than the 10 µm foil that was successfully tested. Different foils with thicknesses between 
6 µm and 14 µm may be acquired and tested. However, the cost of those copper foils may 
prohibit its use in the valve. Further investigation can also be made into the parylene 
layer thickness. There is a balance between the thickness of the dielectric layer, the 
control voltage, and the electrostatic force. If a thinner parylene layer is used, the 
electrostatic force will increase, so a lower control voltage can be used. However, the 




thinner dielectric layers. More work can be done to find the optimum parylene thickness 
and control voltage. 
 Work also needs to be done on a solution to better control the dielectric charging. 
Further research into dielectric charging has shown another possible solution is the use of 
an AC supply voltage. There are reports that an AC supply voltage can greatly increase 
the lifetime of electrostatic actuators [24]. Work is being done to test the valve with an 
AC supply that would be able to operate the valve at high voltages. 
The valve presented in this paper was a single valve on a large PMMA chip. A 
proposed array of valves would contain 64 valves on a PMMA chip no larger than a 
standard glass microscope slide, shown in Figure 19. Chrome can be patterned on the 
PMMA using a shadow mask in the same way that was presented with the single valve. 
The electrostatic valve array would be layered below the microfluidic layer to control an 
entire microfluidic system. For the single valve tested in this paper, bolts were used to 
hold the valve together. Work must be done to find a way to bond and package the valve 
array so that it may be layered below the microfluidics. Such a system would allow for a 





Figure 19: Array of 64 valves on a single PMMA chip. This chip is the 




The uniqueness of the electrostatic valve presented in this paper is its materials, 
manufacturing, its ability to function as an external valve controlling a pneumatic internal 
valve, and the ability to layer an array of valves below a microfluidic system for 
pneumatic control. Eliminating the external solenoid valves will increase portability, 
decrease cost, and potentially make the entire device disposable. This electrostatic 
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